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Abstract 
Due to the intrinsic brittleness of high performance fibres, traditional structural fibre-
reinforced composites have limited ductility and toughness. In the present work a new 
class of fibres is explored for the reinforcement of polymers: continuous stainless steel 
fibres that simultaneously possess a high stiffness and a high strain-to-failure. The fibres 
are combined with brittle and ductile matrix systems (epoxy and PA-6) to produce 
unidirectional and cross-ply composites. The composites are investigated in quasi static 
tensile tests accompanied with acoustic emission registration. The steel fibre composites 
are found to exhibit a 3 to 4 times higher strain-to-failure than typical carbon or glass 
fibre composites. 
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1 Introduction 
The strain-to-failure of structural fibre-reinforced polymers like carbon or glass 
fibre composites is known to be low. The reason for this is the brittleness of the fibres. 
The composite ductility and overall toughness can be enhanced by choosing fibres that 
have a higher strain-to-failure. This has already been proven in such systems as metal 
fibre reinforced ceramics, metal fibre reinforced metals and short ductile fibre 
reinforced polymers [1-3]. In polymer composites reinforced with continuous fibres the 
choice of ductile fibres is currently limited to either polymeric fibres (i.e. polyethylene), 
natural fibres (i.e. silk, coconut [4,5]) or regenerated cellulose [6]. The high toughness 
of these fibres, however, comes at the expense of a low stiffness, which limits their use 
in structural applications. 
Recently a new class of stiff but ductile fibres became available for application 
in structural composites: annealed stainless steel fibres (diameter of 5 - 100 µm) which 
exhibit both high stiffness and high strain-to-failure. The stiffness of such a steel fibre is 
almost as high as that of a carbon fibre (193 GPa), and the strain-to-failure is as high as 
that of a silk fibre (up to 20%). Moreover, the strain-to-failure of such a steel fibre can 
be tailored by altering its heat treatment with no effect on the stiffness. 
Steel itself is not a new reinforcing material. It is successfully used in tyres and 
conveyor belts in the form of continuous wires to reinforce rubber [7-12] and in the 
form of cords and filaments for reinforcement of concrete [13-15]. In these applications, 
steel wires or filaments with a diameter of about 150 µm or higher  are typically made 
of high carbon steel that has a high strength but limited ductility in the as-drawn state. 
The benefit of steel in these applications is in increasing the stiffness and strength of the 
base material, namely rubber or concrete.  
An example, in which steel cords are used for their ductility, is the EASI 
(Energy, Absorption, Safety, Integrity) material [16,17], developed by Bekaert NV 
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(Belgium). In the EASI concept, steel cords are used to reinforce glass fibre 
thermoplastic composites used in structural crash components such as car bumpers. 
Similarly to the previous examples, steel wires used in this application have a large 
diameter that is typically above 100µm. 
Continuous stainless steel fibres with a diameter below 100µm are not yet 
commercially used as reinforcement in polymer composites. Currently, their use is 
limited to other applications. For example, they are employed in filters for liquid 
filtration [18,19], as a heat resistant separation material in the process of glass shaping 
for automobile windows[20,21] and as anti-static or cut-resistant textiles[22-25] 
(Bekinox multifilament yarns). Steel fibres can also be incorporated inside plastics for 
EMI shielding (Beki-shield [26]). Thus, continuous steel fibres are mainly exploited for 
their thermal/electrical/ magnetic properties. 
The scientific literature that describes the use of steel fibres as a reinforcing 
material in polymer composites is very limited. In the case of short-fibre reinforced 
composites, Sabino-Netto et. al [27] reported the friction properties of short steel 
fibre/epoxy composites. Steel fibres used in their research were 45 µm in diameter and 
on average 455 µm in length, the type of steel used was not mentioned. Zou et al. [28] 
investigated mechanical properties of HA-ZrO2(CaO) ceramic biomaterial reinforced 
with stainless steel fibres of 40-50 µm in diameter and 0.8 – 2 mm in length. The 
authors reported an increase in toughness with an increase in the fibre volume fraction. 
In the case of continuous steel fibre composites, Ahmed et al. [29] reported an improved 
impact performance when stainless steel fibres (100 µm in diameter) were added to a 
glass fibre/epoxy laminate. An improved impact performance was also reported in 
Clemens [30] where stainless steel fibres (30µm in diameter) were combined with 
different matrix systems. In Callens et al. [31-35] authors of the current work reported 
preliminary results on the tensile properties of steel fibre reinforced composites. 
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The current study focuses on the tensile behaviour of composites made of ductile 
continuous aligned stainless steel fibres. The steel fibres are impregnated with matrices 
of different ductility and their tensile behaviour is investigated for uni-directional (UD) 
and cross-ply laminates. The failure behaviour of these composites is of particular 
interest. 
2 Materials and methods 
2.1 Raw materials 
The reinforcement is a quasi UD woven structure consisting of steel fibre warp 
yarns (each containing 550 untwisted fibres) and thin polyethylene terephthalate (PES) 
weft yarns (Figure 1). The areal density of the fabric is 1905 g/m². The reinforcement is 
supplied by NV Bekaert SA. The steel fibres have a diameter of 30 µm and are made of 
a 316 stainless steel alloy. The steel fibres are produced using a bundle drawing 
technique, in which multiple steel wires are combined in a copper matrix and 
subsequentally drawn to smaller diameters [36]. Mechanical properties of the steel fibre 
are reported in Table 1, along with a representative tensile stress-strain curve (Figure 
2a) (sourced by NV Bekaert SA). The fibres were annealed at >800°C to ensure a high 
strain-to-failure. 
 
Figure 1.Photograph of the quasi UD woven steel fabric.  
5 mm 
PES yarn 
Steel fibre yarn 
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Table 1: Mechanical properties of the annealed stainless steel fibres and the matrix 
systems 
 Fibre Matrix 
 Stainless steel  Epikote 828LVEL  Polyamide 6 
Young’s modulus, E 193 GPa 2,9 GPa 0,7 GPa 
Strength, σ 660 MPa 75 MPa 22 MPa 
Strain-to-failure, ε 17 % 4 % 250 % 
Yield strength (0,2%), 
εyield 
365 MPa   
Weibull modulus 29   
Weibull Scale parameter 674 MPa   
 
Two matrix systems that differ in ductility are chosen for the study. The brittle 
system is an Epikote 828LVEL (a Bisphenol-A type) epoxy, with a 1,2-
diaminocyclohexane (Dytek DCH-99) as hardener in weight ratio 100 and 15.2 
respectively. Its mechanical properties are presented in Table 1 along with the tensile 
stress-strain curve in Figure 2(b. The ductile matrix system is a polyamide 6 from EMS-
Griltech (Grilon ELX 50HNZ) with a melting point of 220°C (Table 1 and Figure 2b). 
 
Figure 2. (a) Engineering stress-strain curve of steel fibre, (b) engineering stress-strain 
curves of epoxy and PA-6 
 
2.2 Production of the composite plates 
Composite plates with the epoxy matrix were produced using the vacuum 
assisted resin infusion technique. Three layers of the quasi UD steel fibre fabric were 
stacked for the UD laminate. Four layers were stacked for the cross-ply laminate in 
(0,90)s configuration, in order to realise a symmetric laminate. In the case of the epoxy 
(a) (b) 
… 
250% 
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matrix, the impregnation was done at 40°C, curing  at 70°C for 1h and post-curing at 
150°C for 1h. The composite plates with the polyamide 6 matrix were produced using 
the compression moulding technique. For both the UD and cross-ply PA-6 laminates, 
four layers of the quasi UD steel fibre fabric were stacked with a 300 µm thick PA-6 
film in between the fabric layers (three in total). The impregnation was done at 260°C 
under pressure of 7 bar for 5 minutes. The plates were cooled under pressure 
(±50°/min). These production conditions are not expected to alter the microstructure of 
the steel fibres as they were annealed at a temperature above 800°C. 
After production a quality control of the composites was performed. Due to the 
difficult handelability of the fabric, the steel fibre yarns were found to be slightly 
misoriented during lay-up. The misalignment was measured on the surface for all 
specimens and is reported together with the results. Examination of the composite cross-
sections, using optical microscopy (OM), showed no voids, dry areas or residual cracks 
(Figure 3). 
 
   
Figure 3. Optical microscopy images from (a) a cross-section of the UD epoxy laminate 
and (b) a close-up on fibres inside a yarn. 
 
The fibre volume fraction of the UD epoxy laminate was estimated using three 
procedures: (1) a matrix burn-off test according to ASTM D2584 standard, (2) image 
analysis and (3) calculations based on the fabric areal density and the composite 
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thickness. Good correlation between these techniques was found (Table 2). The fibre 
volume fraction for all other composites was determined using the third approach. 
Table 2:Fibre volume fractions of the produced composites using different methods 
Composite Matrix Laminate 
thickness 
[mm] 
Vf, [%] 
areal weight 
approach 
Vf, [%] 
image 
analysis 
approach 
Vf, [%] 
matrix burn-
off test  
UD Epoxy 1,75 ± 0,04 44,0 ± 1,0% 42,7 ± 2,5% 44,8 ± 2,7% 
Polyamide 6 1,99 ± 0,02 41,1 ± 0,5% 42,0 ± 3,0%  
Cross-ply Epoxy 2,01 ± 0,02 43,0 ± 0,5%   
 Polyamide 6 2,01 ± 0,02 43,7 ± 0,5%   
 
The steel fibres remain in bundles after impregnation. The fibres fit into each 
other like puzzle pieces, resulting locally in very high fibre volume fractions (Figure 
3b). The average fibre volume fraction measured inside yarns, using image analysis, 
ranges between 55% and 65%. As shown in Figure 3, the fibres have irregular 
hexagonal cross-sections. Being drawn in bundles, they plastically deform to fit an 
approximate hexagonal packing. Using SEM it could be confirmed that even closely 
packed fibre bundles were well impregnated with no sign of voids or dry areas (Figure 
4). 
 
 
Figure 4. An SEM image of the composite cross-section showing good impregnation of 
closely packed fibre bundles. 
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2.3 Experimental methodology 
The produced composites were tested under quasi static tensile loading. The 
tests were performed according to ASTM D3039 on an Instron 4505 machine. The 
displacement was applied at 2 mm/min, the load was recorded using a 100 kN load cell 
and the strain was measured using an extensometer. The strain interval for calculation of 
the composite stiffness was chosen differently than recommended in the standard. This 
adjustment was done because of the low yield strain of the composite (0.4%). An 
interval within 0% and 0.1% strain was selected to eliminate the effect of the plastic 
deformation. 
Due to the nature of the material (high stiffness, combined with high strain-to-
failure), it was not easy to ensure correct failure of the samples not initiated at the 
clamps. Therefore, the sample dimensions and the choice of the end-tabs were material 
specific. More specifically, in the case of the UD steel fibre/epoxy composites, tensile 
specimens of 250 mm x 25 mm were used. This was to ensure sufficient repetition of 
the unit cell of the quasi-UD fabric which is ± 3 mm wide. Tapered end-tabs of 60 x 25 
mm were made from the same UD laminate and glued with epoxy glue Araldite 2011 
(Huntsman advanced materials, Everberg Belgium). 
In the case of the UD steel fibre/PA6 composites, tensile samples of 250 mm x 
15 mm were used. They were tested without end-tabs. The choice for the narrower 
specimens was motivated by prior knowledge about the difficulty to achieve correct 
failure in the UD steel fibre/PA6composites [32]. Failure always occurred either inside 
the clamped area or at its edge. The significant Poisson contraction at high strain levels, 
which creates a biaxial stress state in the material close to the clamps, is one of the 
possible explanations for this failure mode. In narrower samples this effect is expected 
to be less pronounced. In practice, however, the UD steel fibre/PA6 samples showed a 
shear type of failure initiated either at the clamps or at the sample edges. No solution 
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was found to ensure a correct failure mode (i.e. away from the clamps and perpendicular 
to the tensile loading). The strength and strain-to-failure values obtained for this system 
are, therefore, considered to be lower bounds. 
For the cross-ply tensile specimens, a sample size of 250 mm x 25 mm was used 
for both the epoxy and PA-6 cross-ply laminates. For the samples with epoxy, fibre 
glass end-tabs of 40 x 25 mm were applied with epoxy glue Araldite 2011. For the 
cross-ply samples with PA-6 no end-tabs were used. The correct failure (i.e. away from 
the clamps) was achieved in both cases. The cross-ply laminates have a lower Poisson 
contraction due to the presence of the 90° layer compared to the UD laminates. 
During the tensile tests on the cross-ply laminates, the damage progression was 
evaluated using acoustic emission registration [35]. Two acoustic sensors (VS375-M 
Vallen Systems GmbH, Germany) at the surface of the sample were used to detect the 
sound waves generated by the developing damage, one sensor at each end of the sample. 
A threshold of 40 dB was used to suppress noise. The signals were registered and 
processed by the AMSY-5 system (Vallen Systems GmbH, Germany, with amplifiers 
Vallen AEP4, amplification 34dB, range 0.025-1.6 MHz, sample rate 5MHz). The 
energy of the AE events was recorded and plotted as a function of the strain. The 
experimental methodology and data analysis  were adopted from [35]. 
2.4 Modelling methodology 
The architecture of the quasi-UD woven fabric was modelled using the WiseTex 
software, developed at KU Leuven [37]. The geometrical model was then transferred to 
the TexComp software to predict the Young’s moduli of the composites. TexComp is an 
in-house developed tool that calculates the elastic constants of textile composites using  
inclusion-based homogenization techniques. For the calculations, parameters from 
Table 1 were used along with the following elastic properties of constituent materials: 
stainless steel fibre (Young’s modulus (E) = 193 GPa, Poisson ratio (ν) = 0,3), PES 
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fibre (E = 3 GPa, ν = 0,3), epoxy matrix (E = 3 GPa, ν = 0,3) and PA-6 matrix (E = 0,7 
GPa, ν = 0,3). The fibre volume fraction is taken as 44% in the case of the UD epoxy 
laminate and 41% in the case of the UD PA-6 laminate (Table 2). 
 
3 Results and discussion 
3.1 UD composites 
3.1.1 Tensile properties 
Figure 5 shows representative stress-strain curves of the UD steel fibre 
composites (as measured and normalized to the fibre volume fraction of 45%). It is clear 
that the steel fibre/PA6 composite has a much higher strain-to-failure than the steel 
fibre/epoxy composite (Table 3). The ductility of the matrix seems to have an important 
influence on the ductility of the composite. The use of a more ductile matrix increases 
the strain-to-failure of the composite by almost 75%. Due to difficulties in achieving a 
correct failure mode in the UD steel fibre/PA6 composite, it is expected that the 
intrinsic strain-to-failure of this material is even higher than the one measured in this 
study. It is important to note that from these tests it cannot be concluded whether the 
higher ductility of the PA-6 is the only reason for the higher strain-to-failure of the 
composite, since also the fibre/matrix interface is different. The epoxy is a thermoset 
matrix, it thus can chemically react with the fibres during the production. The secondary 
hydroxyl groups along the chain (as well as the epoxy groups) give rise to adhesion to 
the metal by molecular and acid-base interactions. This is in contrast with the PA-6, 
where mainly hydrogen bonds are present. In future work tests will be conducted where 
only the interface or only the ductility of the matrix is altered. 
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Figure 5. (a) Representative stress-strain curves of the UD steel fibre/epoxy and the UD 
steel fibre/PA-6 laminates, (b) Representative stress-strain curves normalized to a fibre 
volume fraction of 45% 
 
Table 3: Tensile properties of the UD steel fibre composites 
 Steel/Epoxy Steel/PA-6 
Stiffness [GPa] - experimental 67,0 ± 2,4 73,2 ± 2,8 
Specific Stiffness [GPa.cm³/g] - 
experimental 
16,0 ± 0,6 18,3 ± 0,7 
Stiffness [GPa] – theoretical (not 
accounting/accounting fibre 
misalignment) 
86,8 / 65,0 80,4 / 70,5 
Average measured misalignment 6° 2° 
Yield stress [MPa] σyield 166,1 ± 5,0 168,4 ± 4,6 
Strength [MPa] σUTS 259,6 ± 7,7 265,6 ± 17,8 
Strain-to-failure, % εult 7,3 ± 0,3  12,7 ± 3,0  
Normalized stiffness [GPa] 68,5 ± 2,5 80,3 ± 3,1 
Normalized yield stress 
[MPa] σyield 
169,9 ± 5,1 184,8 ± 5,0 
Normalized strength [MPa] σUTS 265,5 ± 7,9 291,5 ± 19,5 
 
The experimentally measured stiffness of the UD composites is significantly 
lower than the one predicted by the WiseTex and TexComp models (Table 3). This can 
be attributed to the misalignment of fibres. When the fibre misalignment is included in 
calculations (6° for the steel fibre/epoxy and 2° for the steel fibre/PA-6composites), a 
good correlation between theory and experiment is obtained (Table 3). The stiffness of 
(a) (b) 
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the UD steel fibre composites falls in between the stiffness values of carbon fibre and 
glass fibre composites. More specifically, it is approximately half the stiffness of a 
typical carbon fibre composite, but double that of a glass fibre composite (with similar 
fibre volume fractions). The density of the steel fibre composites is however higher. 
When comparing specific stiffness (Table 3), it is comparable to that of a glass fibre 
composite, but more than four times lower than specific stiffness of a carbon fibre 
composite. The steel fibre  composites are, therefore, not competition to carbon fibre 
composites in weight sensitive applications, unless the strongly improved toughness 
(and related properties such as impact or fatigue resistance) is important. For weight 
sensitive applications, hybrid composites of steel and carbon fibres could be an 
interesting solution, where the added weight can be balanced with the added toughness. 
 
All UD epoxy laminates show a lower normalized stress at a given strain (Figure 
5) compared to the UD PA-6 laminates. The lower stress is not clearly visible in the 
linear elastic region due to the high stiffness, however after the yield point, the slope of 
the stress-strain curve decreases and differences become more pronounced. The 
maximum difference is ±20 MPa (at ±0.5%). This can either be due to the higher fibre 
misorientation in the case of the epoxy-based laminates or due to a large number of 
cracks observed in these laminates already at small strains. These cracks are 
homogenously distributed over the length of the tested sample. After failure, these 
cracks remain visible on the surface of a tested specimen (Figure 6c). This is because 
the cracks remain open (± 50µm) after unloading due to the plastically deformed steel 
fibres. The cracks typically appear close to the PES yarn, which could indicate that the 
PES yarn either has a poor bonding with the epoxy or acts as a stress concentrator. In 
the area close to the PES yarn, the steel fibres show a lighter colour, which indicates 
that the crack initiated at the PES yarn, deflects and locally debonds the fibres from the 
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matrix. The density of  cracks increases towards the fracture surface (Figure 6a). The 
UD epoxy laminates possess a strain-to-failure of ± 7%, which is almost double of the 
strain-to-failure of the pure epoxy resin (± 4%). This is possible because the steel fibres 
bridge the cracks in the matrix.  
  
   
Figure 6. (a) and (b) Photographs of fracture surfaces in  the UD steel fibre composites 
with epoxy and PA-6 matrices, respectively; (c) close up on the transverse cracks (near 
binding yarns) on the surface of the UD steel fiber/epoxy composite; (d) close up on the 
yielded areas (near binding yarns) on the surface of the US steel fiber/PA-6 composite. 
 
In case of the PA-6 composites, which reach a failure strain of 12.7%, no cracks 
are visible on the specimen surface (Figure 6d). Closer to the fracture surface (Figure 
6b) white zones can be seen, which indicates local plastic yielding of the PA-6 matrix. 
 
5 mm 
5 mm (c) 
(b) 
5 mm (d) 
5 mm (a) 
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3.1.2 Weibull distribution 
The full potential of the strain-to-failure of the steel fibres (±17 %) is not yet 
realized in either of these composites. The Weibull distribution of the strength of a 
single fibre (Figure 7) can be used to understand whether the final failure is due the 
failure of several weaker fibres or promoted by several matrix cracks, which act as 
stress concentrators on the fibres. The Weibull modulus and scale parameter (Table 1) 
were determined from the tests of 200 single steel fibres under quasi static tensile 
loading. 
 
Figure 7. Weibull cumulative distribution of the strength of a single stainless steel fibre. 
Arrows indicate the stress inside a fibre at failure of either the UD epoxy composite or 
the UD PA-6 composite 
 
In the case of the UD epoxy composite, at the failure strain of 7.3%, namely the 
average composite failure strain, the stress inside a fibre is ± 510 MPa (derived from the 
stress-strain curve of a single fibre). The probability that a single fibre fails at 510 MPa 
is only 0,03% according to the Weibull distribution (Figure 7). This means that it is 
highly unlikely that the composite failure at 7.3% is due to the failure of weaker fibres. 
A more plausible hypothesis is that cracks in the matrix induce stress concentrations at 
(b) 
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the fibres and lead to either local debonding or local strain magnification in the fibres. 
Locally the fibres are further deformed until failure, at which point they fail in a ductile 
manner through necking. 
In the case of the UD PA-6 composite, at the average failure strain of 12.7%, the 
stress inside a fibre is ± 590 MPa. The probability that a single fibre fails at 590 MPa is 
2%. It is thus more likely that some fibres break. However, since these samples showed 
premature failure due to the test setup, the measured strain is an underestimation of the 
actual strain for this material. This premature failure could be caused by stress 
concentrations at the clamps induced by the high Poisson contraction. Since the PA-6 
matrix has a higher ductility than the fibres, a much higher strain should be possible in 
the composite with this matrix.  
3.1.3 SEM of the fracture surfaces 
A further investigation is needed to understand the damage mechanisms leading 
to the composite final failure. Fracture surfaces of both the epoxy and PA-6 composites 
are examined using SEM. Figure 8 shows the fracture surfaces of these composites at 
different magnifications.  From the smallest magnification images (Figure 8a and 8b) it 
is apparent that the steel fibre yarns did not break in the same plane. In the case of the 
epoxy composite, the resin rich zones show a clean flat fracture surface indicating  
brittle failure.  The fracture surface of the epoxy matrix inside the fibre bundles has a 
higher roughness. A close-up on the border of a yarn (Figure 8c) emphasizes this feature 
as crack lines are visible in the fibre rich zones (right side), whereas no crack lines are 
visible in the resin rich zones (left side). Steel fibres in the material make sure that the 
integrity of the composite material is maintained even after the matrix is fractured. They  
hold the fractured epoxy together and allow for further loading of the material. The fibre 
yarns remain in bundles after this happens and, in some cases, debond from the resin 
(f) 
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rich zones. Figure 8e shows local debonding of a steel fiber from epoxy and its ductile 
deformation, which was a common characteristic for all fibres.  
 
Figure 8. Fracture surfaces of the UD epoxy composite (a,c,e) and UD PA-6 composite 
(b,d,f) 
 
In the case of the PA-6 based composite, steel fibre yarns also remain in bundles 
after fracture, but this feature is less pronounced than in the case of the epoxy matrix. 
Due to the ductile nature of PA-6, it does not show a perfectly flat fracture surface in the 
(a) (b) 
(c) (d) 
(e) (f) 
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composite as was the case with epoxy. In the fibre rich zones the ductile deformation of 
the matrix is more pronounced. All fibres in the PA-6 composite are found to have 
debonded from the matrix and undergone extensive plastic deformation. Locally some 
matrix is still connected to the fibres, indicating that the adhesion strength of steel to 
PA-6 is close to or even higher than the strength of the PA-6 matrix. 
Figure 9 shows two possible hypotheses for failure of the steel fibre composite 
with a brittle matrix,  failing earlier than the fibre. This is an acceptable assumption in 
the case of the epoxy composite, considering the previous discussion on the Weibull 
distribution of the steel fibre strength. The first hypothesis is that the interface is 
sufficiently strong to hinder debonding of the fibre. When a matrix crack approaches a 
fibre the external applied strain is locally magnified resulting in plastic deformation of 
the steel fibre. Due to the Poisson contraction and plastic necking, the fibre debonds 
from the matrix. Further necking results in failure of the steel fibre. The second 
hypothesis implies that the interface is less strong and when a matrix crack reaches a 
fibre, the fiber locally debonds from the matrix. Upon further loading, this debond 
continues to propagate along the fibre/matrix interface, the area of  local strain 
magnification increases and fiber is allowed to plastically deform.  This strain 
magnification is much lower than in the first hypothesis and in first approximation 
inversely proportional to the debonding length. Then, final failure of the fibre occurs at 
its weakest point (most likely at a defect). 
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Figure 9. Hypotheses for failure mechanisms in a composite with ductile fibres and a 
brittle matrix 
The first hypothesis seems less probable since it implies fibre necking, and thus 
failure, exactly at the place where a matrix crack reaches the fibre. However,  the SEM 
images of the fracture surface reveal that not all fibres fail in the plane of a matrix crack. 
The second hypothesis assumes a certain degree of debonding and hence the possibility 
for fibre necking and failure at a location at a certain distance from the matrix crack 
plane, as was observed experimentally. The strength of the interface will play a vital 
role in determining the extent of debonding, and hence in the fracture mechanisms 
(a) Hypothesis 1: Local strain magnification, necking of the fibre followed by debonding 
(b) Hypothesis 2: Debonding of the fibre, strain magnification, necking at a local weak point 
Steel fibre 
Matrix 
crack 
Plastic deformation 
and further debonding 
Failure of the fibre at a 
weak point 
Local debonding and 
strain magnification 
Steel fibre 
Matrix 
crack 
Strain magnification Necking followed by 
debonding 
Local failure of the 
fibre 
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occurring in steel fibre composites. Further research is thus needed to optimize the 
interface to ensure the full use of the steel fibre ductility. 
3.2. Cross-ply composites 
3.2.1 Mechanical properties 
Figure 10 shows representative stress-strain curves of the UD steel fibre. The 
strain-to-failure of the cross-ply composites is similar to the strain-to-failure of the UD 
composites (Table 4). Also for cross-ply composites the strain-to-failure is higher in the 
case of the more ductile PA-6 matrix.  The stiffness of the cross-ply composites is 
modelled using the WiseTex software for a single ply and the classical laminate theory 
for the full laminate (0,90)s. The fibre volume fraction used in the model is 43%.  
 
Figure 10. Representative stress-strain curves of cross-ply steel fibre composites with 
epoxy and PA-6 matrices 
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Table 4: Tensile properties of the cross-ply composites 
 Steel/Epoxy Steel/PA-6 
Stiffness [GPa] - experimental 36,4 ± 5,5 29,0 ± 7,4 
Specific Stiffness [GPa.cm³/g] 
- experimental 
8,8 ± 1,3 7,0 ± 1,8 
Stiffness [GPa] – theoretical 
(not accounting/accounting 
fibre misalignment) 
46,3 / 42,9 43,2 / 37,3 
Average measured 
misalignment 
4° 3° 
σyield [MPa] 105,4 ± 3,9 87,8 ± 4,5 
σUTS [MPa] 138,2 ± 4,6 124,8 ± 7,5 
εult 6,8 ± 1,0 9,2 ± 3,7 
εmin 0,26 ± 0,04 0,24 ± 0,33 
ε1 0,5 ± 0,2 0,5 ± 0,5 
ε2 1,5 ± 0,2  
 
Some misorientation of the 0° plies is also noted in the cross-ply laminates, 
resulting in a higher predicted stiffness than experimentally measured (Figure 11). Once 
the fibre misalignment is also included in the calculations, the predicted values are 
closer to the experimentally measured stiffness but still remain higher (Table 4). A 
possible explanation for the latter would be higher misalignment of yarns inside the 
composite than measured on the surface. This could also explain the high scatter in the 
measured stiffness values. Another explanation is that the inclusion-based 
homogenization technique used to predict the stiffness does not predict well the 
transverse properties of the fibre yarns where the irregular shape of the fibres and very 
high fibre volume fractions inside the yarns could lead to unrealistic stiffness 
estimations. This effect is further investigated in a parallel study, which will be 
published. 
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Figure 11. Theoretical stiffness decrease due to the misalignment of steel fibres in 
cross-ply composites with epoxy and PA-6 matrices 
 
The stiffness of the steel fibre composites in the cross-ply configuration also lies  
in between the values for carbon and glass composites (with similar fibre volume 
fractions). However, the specific stiffness of a cross-ply steel fibre composite is lower 
than a cross-ply glass fibre composite. This is because the 90° layers contribute to the 
weight, but their contribution to the stiffness is limited. Hence, the specific stiffness of a 
cross-ply steel fibre composite is ± 30% lower than that of a cross-ply glass fibre 
composite and five times lower than the specific stiffness of a cross-ply carbon fibre 
composite. 
 
The strength of the cross-ply composite with epoxy matrix is significantly higher 
than the strength of the composite with PA-6 matrix. This is despite the fact that the 
normalized strength of the UD PA-6 composite is higher than the strength of the UD 
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epoxy based composite. This difference is attributed to the difference in the behaviour 
of the 90° plies, which is highly dependent on the behaviour of the matrix. The epoxy is 
able to carry a significantly higher portion of the load, while the PA-6 has a much lower 
stiffness and yield point. As a result, the PA-6 90° ply will carry significantly less to the 
load than the epoxy 90° ply. 
3.1.4 Damage development 
The cumulative energy curves of the acoustic emission signals, recorded during 
the tensile tests on the cross-ply composites, are displayed in Figure 12. The damage 
development thresholds were determined following the methodology outlined in [34]. 
The first acoustic emission signals and the first transition to higher energies (first sharp 
increase in cumulative energy as seen on a linear scale) are similar in both composites, 
but the PA-6 composite shows a much larger scatter (Table 4). This first transition to 
higher energies is often referred to as damage initiation threshold and can be attributed 
to the onset of transverse cracks, which are a combination of debonding of the 90° 
fibres and connecting matrix cracks [34]. Despite the large difference in the matrix 
ductility, it thus seems that the onset of damage (local debonding and first matrix 
cracks) occur at similar strain levels. 
Composites Part A Applied Science and Manufacturing; DOI:http://dx.doi.org/10.1016/j.compositesa.2014.02.006 
 23 
 
Figure 12: Representative stress-strain curves of cross-ply composites (dashed lines) 
and cumulative acoustic emission curves (full lines) measured  experimentally. 
The second transition (second sharp increase in cumulative energy) was not 
clearly identifiable in the case of the PA-6 composites. At 1.5% of strain (the second 
transition in the case of epoxy composites) the cumulative energy is on average an order 
of magnitude higher in the case of epoxy (2 x106) than in the case of PA-6 (1 x105 ). 
From 1,5 – 2% strain, more and of higher energy AE events occur in the brittle 
epoxy system. Local debonding and microcracks in the 90° layers grow into larger 
transverse cracks. These transverse cracks in the 90° layers can then propagate into the 
0° layers (at the outside of the laminate), which become visible on the surface (Figure 
13b), similar as for the UD epoxy composite. Thus also in the case of the cross-ply 
composite, cracks are formed throughout the entire sample and the steel fibres hinder 
their growth, but the initiation of these cracks in the cross-ply composites occurs inside 
the 90° layers. 
In the cross-ply PA-6 composite, the higher energy events are not found after 1,5 
– 2% strain. Not only the cumulative energy is lower, but also fewer events are 
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recorded. During the tensile test and after the final failure, no cracks are found on the 
surface of the tested sample. This could mean that fibres in the 90°-layers debond from 
the PA-6 matrix but transverse cracks do not fully develop. Due to local yielding of the 
PA-6 matrix, cracks are blunted and arrested. As a consequence, the transverse cracks in 
the 90°-layers do not seem to initiate cracks in the 0°-layers, as it is the case in the 
epoxy specimens, but only result in local plastic deformation. This local yielding is not 
registered by acoustic emission but can be seen on the surface of the fractured samples 
as white zones (Figure 13a). 
 
Figure 13: Photograph the fracture of a cross-ply steel fibre/PA-6 composite (a) and a 
cross-ply steel fibre/epoxy composite (b). 
It appears that final failure of the composites, which only happens when the 0°-
layers start fracturing, is related to matrix failure. First, transverse cracks in the 90°-
layers are formed, they then initiate either transverse cracks in the 0°-layers if the matrix 
is epoxy or plastic yielding if the matrix is PA-6, both leading to the composite failure 
Considering that also the onset of damage is related to local debonding and microcracks 
in the matrix, first in the 90°-layers and then in the 0°-layers, it is expected that the 
mechanical behaviour of the cross-ply composite will improve with an optimised 
fibre/matrix interface and an optimised matrix. This should limit the debonding and 
transverse cracking in the 90° plies and as a result improve the strain-to-failure of the 
composite. 
5 mm (a) (b) 5 mm 
5 mm (a) (b) 5 mm 
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4 Conclusion 
It can be concluded that ductile steel fibres deliver composites with a high strain-to-
failure: 7.3% in case of a brittle matrix system and 12.7% in case of a ductile matrix 
system. The steel fibre composites exhibit much higher strain-to-failure than a typical 
UD carbon and glass fibre composite (almost 4 and 3 times, respectively) combined 
with a high stiffness (± 70GPa). 
The growth of cracks in the (brittle) epoxy matrix is limited by the ductile steel 
fibres. SEM images of the fracture surface revealed clean and flat epoxy fractures in the 
resin rich zones and a more complex failure in the fibre rich zones. Cracks are 
homogenously distributed along the specimen length. By replacing the brittle matrix by 
a ductile matrix, the strain-to-failure of the UD composite improves by almost 75% 
(from 7,3% to 12,7% strain). SEM images reveal that fibre matrix debonding still 
occurs, but no cracks were visible on the surface of the tensile samples. 
The full potential of the strain-to-failure of the steel fibres (±17 %) is, however, not 
yet realized in the composite. From the fracture surface it can be seen that all fibres in 
the 0° direction are locally debonded from the matrix. The strength of the interface will 
play a vital role in determining the extent of debonding, and hence in the fracture 
mechanisms in steel fibre composites. Thus further research is needed to find the most 
suitable combination of the matrix ductility and the fibre/matrix interface strength.  
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